Friction forces are present in any machining process. These forces could play an important role in the dynamics of the system. In the cutting process, friction is mainly present in the rake face and the flank of the tool. Although the one that acts on the rake face has a major influence, the other one can become also important and could take part in the stability of the system. In this work, experimental identification of the friction on the flank is presented. The experimental determination was carried out by machining aluminum samples in a CNC lathe. As a result, two friction functions were obtained as a function of the cutting speed and the relative motion of the contact elements. Experiments using a worn and a new insert were carried out. Force and acceleration were recorded simultaneously and, from these results, different friction levels were observed depending on the cutting parameters, such as cutting speed, feed rate, and tool condition. Finally, a friction model for the flank friction is presented.
Introduction
Due to forces and temperature variations, the cutting process is highly nonlinear. Also, this process is affected by other factors such as speed and depth of cut, feed rate, cutting tool geometric, and material properties [1] . Many of these effects occur because of the relative motion between the working piece and the tool, and therefore friction forces are present.
Friction on the machining process has been studied for decades and significant theories have been proposed for describing the cutting process [2] . The one studying the sliding and secondary zones of the material work are presented at [3] . All these researches lead to intensive use of finite element models, such as the one presented by [4] .
The general objective of the application of finite elements is the characterization of the elements in contact and the flow of stresses [5, 6] . Other research area is friction measurements as reported by [7] . In this matter, the relation of the friction with the cutting parameters, such as the cutting speed, was reported in [8] . The influences of cutting forces, contact length, shear angle, and temperatures are studied by [9] [10] [11] , and friction related effects associated with geometric and internal material properties are reported by [12] [13] [14] .
From these works, it can be established that friction is an instability factor, so it could generate chatter vibration. This is proposed by Wiercigroch and Krivtsov [15] , and despite the fact that in a machining process the major friction effect occurs at the rake of the tool, it also exists on the flank of the tool.
In the literature, the flank of the tool has been just related to chatter by means of the process damping effect at low speed [16] [17] [18] . However, the friction effect on the flank is generally neglected.
Taking into account the fact that the cutting process is highly nonlinear, the assumption that friction on the flank can be neglected is untrue, because in any dynamic nonlinear system, a small perturbation tends to produce high influence on the response. This is important in chatter, where the response presents a stability limit. Thus, the objective of this work is to characterize the friction acting on the flank of the tool.
In order to identify the friction force of the flank of the tool, the experiments must consider cutting conditions at which the friction on the flank is the dominant excitation. In order to achieve this condition, it is assumed that regenerative effect can be avoided. This can be done considering a low depth of cut and a low feed rate and supposing that the system is properly rigid in order to diminish other external effects. Machining with these conditions, the only force acting will be the friction force on the flank.
The proposed experiment does not pretend to assume that friction is the only force on the cutting process. In addition, it is not trying to argue that the forces on the normal and tangential direction are not coupled in a cutting process. Even more, it is not trying to affirm that neither the regenerative effect nor the process damping exists at all. But, it is worth mentioning that the present work analyzes an especial cutting condition, where the friction force on the tangential direction is isolated and is the dominant effect; therefore it can be analyzed as a single degree of freedom case.
Mathematical Model
The proposed model is based on the concept of the generalized friction effect [19] , which adds two more friction effects to the Coulomb friction, one related to the relative displacement and another related to the relative velocity.
Since in this especial condition the feed is too small, the thrust force ( direction) has a minimum magnitude, and then the Coulomb friction on the tangential direction can be neglected. Therefore, only two friction effects remain on the tangential direction: one related to the displacement and the other related to the velocity. Therefore, the proposed model is represented as follows ( Figure 1 ):
where represents the relative displacement, , , and are the damping factor, the natural system frequency, and the equivalent mass, is the friction force, and 1 and 2 represent both the friction effects.
Expressing (1) in the Laplace domain:
Solving the equation, the transfer function is obtained as
In the above expression, ( ) is the system response, ( , 1 , 2 ) is the total friction force, and is the complex variable. Equation (3) can be expressed as the impedance function:
This function can be obtained experimentally by measuring the force and the displacement at the cutting tool. Considering = , where is the excitation frequency of the system, the experimental impedance function can be expressed as
It is assumed that (4) and (5) are equal. Thus, the experimental impedance function can be related to the friction functions 1 and 2 if
Since the friction functions depend only on position and velocity, it is assumed that the friction force has the following form:
And, in this way, the impedance function becomes
From a preliminary test, it was observed that the friction also varies with respect to the frequency; therefore, the impedance function can be represented as
where 1 , 2 , 1 , and 2 are unknown. This function is similar to the model proposed by Oden and Martins [19] . Therefore, the friction parameters are represented as
These functions cannot accept negative values; therefore, (10) is transformed into
Shock and Vibration where , , , and are constants and 0 and are, respectively, the operation frequency (the rotation speed of the lathe) and the excitation one (tool's vibration frequency). These parameters can be determined measuring the cutting force and the displacement amplitude of the cutting tool under different operation frequencies. This is equivalent to taking measurements under different lathe's spindle speeds.
To take the experimental measurements, the force and the acceleration on the cutting tool where evaluated on an instrumented numeric control lathe.
Experimental Arrangement
In order to have a continuous cutting process and to minimize the dynamic effects, the tests were conducted on an instrumented CNC lathe. The cutting force was reduced by maintaining low cutting depths, a very rigid support for the work piece, and a minimum lateral feed and working over a previously machined surface to maintain similar initial conditions.
Test specimens were 6026 T-6 aluminum round rods of 50 mm diameter. The cutting tools were multilayer coated carbide inserts (TiN, TiCN, and TiC). The experimental arrangement is shown in Figure 2 .
To measure the acceleration a piezo electric accelerometer Kistler K8776A50 and a National Instruments NI 9234 module for signal conditioning were used. The accelerometer was oriented in tangential direction.
The force was measured with two Vishay CEA-06-0620UW-120 strain gages with a National Instruments NI 9237 module for signal conditioning.
The signals were recorded with a NI CDAQ 9174 data acquisition module at 25.6 kHz.
The cutting speed was programmed to have a constant feed rate of 0.05 mm/rev and the data were recorded during 10 s. To find the parameters of (9), the next experimental design was conducted.
Experimental Design
The experimental design consisted of two cutting tool wear levels, four depth of cut levels, and three cutting speed levels ( Table 1 ). The depth of cut and the cutting speed were the control variables. In order to isolate the friction effect on the tangential force, the feed rate was kept as low as possible. The minimum and maximum cutting speeds were selected according to the tool manufacturer. The acceleration and force data were transformed into the frequency domain using the FFT, and experimental results are shown in the next section.
Experimental Results
According to the experimental design shown in Table 1 , for each test a set of data of the acceleration and force from every experiment was obtained. As an example, Figure 3 shows the acceleration and force original data corresponding to test number 11. Figure 4 shows the frequency spectrum of both signals.
For this particular case, it can be noticed that the accelerometer and the strain gages show high amplitude picks within the same frequency range (4000 to 4250 Hz). This frequency corresponds to the signal produced by the friction force. Therefore, there is a correlation between the two signals, and it means that the friction force is creating a particular response on the tool at these frequencies. 
Data Processing.
In order to identify only the signals associated with the contact between the tool and the work piece, the signals were filtered subtracting the noncontact state (where there was no cutting force). The transfer and impedance functions were also cleaned up to eliminate the transient effects, low frequency noise, and electric noise frequencies.
As an example, the frequency spectrums, after filtering the data, of the acceleration and force data obtained at test 1 are shown in Figures 5 and 6 . The response displacement ( ) is obtained from the acceleration signal ( ), according to the following relation:
Determining the Friction Function.
In order to obtain the friction force functions, a curve fitting of the real and imaginary parts of the impedance function was carried out. The force and acceleration data were recorded according to the test plan (Table 1) . Figures 7 and 8 show results of the impedance function for tests 4, 5, and 6, and they also show the curve fitting functions. In this way, the parameters of the proposed curves of (9) were obtained (Tables 2 and 3 ). The constants , , , and of the parameters were obtained using (11) . The values of these constants are shown in Tables  4 and 5.   6 Shock and Vibration Finally, the friction functions in terms of the operation and excitation frequencies are found. Therefore, the equations for each cutting condition are summarized as follows. 
New Insert

Depth of Cut Zero
Shock and Vibration 7 .
The constant values for these equations are listed in Tables 6  and 7 . Results for 0.05 mm depth of cut, for a worn and new insert, are shown in Figures 9 and 10 .
By keeping only the friction force on the flank as excitation force, it is possible to identify the friction function. The data was processed using the impedance function.
Discussion
From Figures 7 and 8 it is clear that friction depends on the cutting speed, and the exponential form corresponds to a time delay phenomenon. In all cases the real part and the imaginary part show an exponential form, which corresponds to the slip-stick friction theory [19] . Another important aspect that can be seen in these figures is that the friction force is higher at low cutting speeds. This condition is also a good indication that friction decreases with an increment in speed.
The effect of the depth of cut can be identified in Tables  6 and 7 . 1 is the friction function related to the relative displacement; in the case of a new insert, the coefficient changes several orders of magnitude at high depths of cut (0.1 and 0.2), whereas for the worn insert the changes are less significant. A similar pattern is found for the 2 , which is related to the relative velocity.
Analyzing the form of the friction functions, and represent the amplitude of the friction force, and and represent the time delay parameters in the sense of the slip and stick concept. Figures 9 and 10 show the calculated values of 1 and 2 for different cutting speeds. They show a good correlation with the experimental data (Figures 7 and 8 ) and they show a reduction on the friction forces at higher speeds. 
Conclusions
From the analysis of the experimental data, it was found that the friction force on the flank of a tool has a complex function. It depends not only on the relative displacement and velocity between the tool and the working piece, but also on the cutting speed, the depth of cut, and the dynamic response (excitation frequency). Since the friction force depends on the dynamic response, it can be considered as a source of instability during a cutting process.
The response in the frequency domain corresponds to a phenomenon described by a time delay function. Both functions, associated with the displacement and the velocity, have similar patterns showing a time delay behavior. This delay is equivalent to the stick-slip principle, but the difference from a general friction theory is that the friction on the flank is highly influenced by the process conditions, and this dependency is nonlinear.
The nonlinear relation between the friction force and the cutting parameters was obtained using the impedance function in the frequency domain. The impedance function is able to identify the characteristic behavior of the friction phenomenon, isolating the other dynamic effects. In this work, it was possible to identify the characteristic frequency of the friction force at the acceleration data, as well as at the force data; thus, the impedance was reliably calculated. This procedure can be applied to other cutting processes such a milling or drilling where the friction on the flank is higher.
Finally, we found that the friction force on the flank of the tool is identified only when the depth of cut is kept as minimum as possible, and the data is processed using the impedance function evaluated at the friction frequencies.
